Abstract: This study observed the genotypic variation among Scots pine (Pinus sylvestris L.) half-sib families' susceptibility to Heterobasidion annosum. Scots pine susceptibility was tested in 12 half-sib families by inoculating them with four different H. annosum strains. At two, six, and ten months after the inoculations, the susceptibility indicators (incidence rate, pathogen spread, and mortality rate) were compared and the total phenolic compounds (TPC) in the inoculated and control groups determined using the Folin-Ciocalteu method. Among half-sib families, significant differences were found for seedling mortality (range: 1.3%-21.2%); however, the differences in incidence rate (range: 54%-77%) and pathogen spread (range: 24-53 mm) were not significant. The incidence rate among half-sib families correlated positively and significantly (r = 0.72, p < 0.05) with the mortality rate, while the pathogen spread correlated negatively with mortality, although the correlation was not significant (r = −0.29, p > 0.05). The TPC comparison with susceptibility indicators showed that the half-sib families with lower susceptibility were characterized by the ability to increase TPC after inoculation compared to the control group. This tendency was most apparent in stems and roots six and two months after inoculation, respectively. Correlation analyses revealed that higher TPC in stems six months after inoculation determined a lower incidence rate (r = −0.32, p < 0.05), while higher Change in concentration of total phenolic compounds (TPC∆) indicated a lower pathogen spread (r = −0.60, p < 0.05). The lowest incidence of the pathogen was determined in half-sib families with the highest TPC∆ in the roots two months after inoculation. The lower susceptibility of Scots pine half-sib families is based on a combination of enhanced constitutive and inducible phenolic defense mechanisms. The data may facilitate the selection of Scots pine half-sib families with low susceptibility for breeding programs and forest management strategies.
Introduction
Scots pine (Pinus sylvestris L.) is the most widely distributed pine and is found throughout Eurasia. In the EU member states, it constitutes approximately 20% of the commercial forest area, and is of considerable importance as a timber producing species, especially in the north of Europe [1] . In Lithuania, Scots pine occupies 1/3 of all forested areas [2] . Although Scots pine does not have a lot of pests in Lithuania, a considerable number of overall pine stands are suffering from one of the most dangerous pathogens in the Northern Hemisphere-root rot (Heterobasidion annosum (Fr.) Bref.). This organism is considered an economically important pathogen of trees in the majority of northern temperate forests of Europe and North America [3] . Economic losses due to Heterobasidion infection in Europe are valued in the hundreds of millions of Euros annually [4] . In Lithuania, up to 300-400 ha of genotypes? 2) Do genotypes differ on initial TPC and plant capacity to increase TPC due to infection? 3) Does TPC correlate with infection frequency, pathogen spread, and seedling mortality rate among genotypes?
Materials and Methods

Isolates of Heterobasidion annosum
Heterobasidion annosum strains were isolated from living Scots pine trees from four different geographical locations in southern Lithuania (Figure 1 ). Sample points were established in stand gaps induced by H. annosum outbreaks and spaced from 7 to 10 kilometers apart. It is known that this distance is sufficient to select different H. annosum strains [54] . At each sample point, 1-3 living trees were selected. Trees were sampled by taking an increment borer core at stump level. A piece of the obtained wood cylinder was surface-sterilized with a gas flame, placed on 9 cm Petri dishes containing Hagem agar medium [55] , and incubated at 20 °C until sufficient mycelium had grown out to enable subcultures to be made [56] . Pure H. annosum culture was then transferred to Hagem agar medium slants for long-term storage at 4 °C. The pure cultures were identified by Woodward et al. [4] . All isolates used in the inoculation experiments were maintained in the culture collection of the Laboratory of Forest Protection and Game Management, Institute of Forestry, Lithuanian Research Centre for Agriculture and Forestry, Girionys, Lithuania. 
Inoculation and Inspection Methods
The plant material for the inoculation experiment was from a Scots pine seed orchard established in 1974-1977 in the Vaišvydava forest district of the Dubrava Forest Research Station (now the Public Institution Dubrava Experimental and Training Forest Enterprise). The seed orchard was established from local Scots pine genotypes, classified as naturally less susceptible to H. annosum infection (externally healthy trees from gaps induced by H. annosum outbreaks). Seeds were collected from 12 pine genotypes to grow plant material for 12 half-sib families (Figure 1) . A total of 1200 healthy three-year-old P. sylvestris seedlings without any visible symptoms were selected for the inoculation experiment; 100 seedlings were in each of the 12 half-sib families. The inoculum was prepared using a procedure described by Swedjemark and Stenlid [57] and Zaluma et al. [24] . Small pieces (1.0 cm × 0.3 mm × 0.2 mm) of autoclaved pine wood were placed on fresh cultures of each H. annosum strain and incubated for 20 days at room temperature in the dark until the woody pieces were overgrown by the fungal mycelium.
The experiment started in mid-November 2017. A 15-20 mm long incision was made on the stem 3 cm from stump level using a sterile scalpel and without removing the bark. The inoculum with fungal mycelium was inserted into the incision, and the lesion was sealed with Parafilm tape. Control inoculations were made using small, sterile wood pieces (12 × 20 × 4 mm). A total of 960 P. sylvestris seedlings were inoculated with four different H. annosum strains (240 pine seedlings were inoculated per isolate; 20 seedlings in one Scots pine half-sib family), and 240 seedlings were inoculated with sterile wood pieces (control) (Figure 1 ). The plants were grown outdoors in 5-liter plastic pots filled with peat substrate, under a watering and fertilization regime established in forest nurseries.
Seedling vitality and incidence rate of H. annosum (fungal growth) infection were examined at three time periods over the course of 2018: at two months after inoculation (i.e., inspection I), at the beginning of vegetation six months after inoculation (inspection II), and at the end of vegetation (inspection III), ten months after inoculation. For each inspection period, three visually healthy and all dead seedlings were taken from each variant (more than 180 seedlings in total). For each of these samples, a 20 cm length of stem was cut into 5 cm pieces, split in half, and placed in separate sealed bags. After three weeks incubation at room temperature, the samples were checked for mycelia, conidiophores, and conidia formation characteristic of H. annosum [58] .
Quantification of Phenolic Compounds
Samples of the seedlings' roots, stems, and needles were collected from three biological replicates from both inoculated and control groups during the three time periods described above (Total samples number: 12 Scots pine half-sib families x 4 different H. annosum strains and 1 control x 3 biological replicates x 3 different seedlings' parts = 540 samples during one time period). The 500 mg of fresh needles, stem wood, and root samples were stored at −20 • C until bioactive substances were analyzed. Before analysis, the samples were homogenized by A 11 basic Analytical mill (Laboratory Equipment, Staufen, Germany). The homogenized material was shaken with 10 mL of 75% methanol for 24 h at room temperature using a Kuhner Shaker X electronic shaker (Adolf Kühner AG, Birsfelden, Switzerland). The extracts were filtered through Whatman no. 1 filter paper.
Total phenolic content (TPC) of extracts was assessed by using the Folin-Ciocalteu (FC) reagent method [59] . Then, 0.1 mL of extract was mixed with 0.1 mL of 2 N FC reagent and 2.5 mL of distilled water. After 6 min, 0.5 mL of 20% Na 2 CO 3 was added. The extracts were mixed and allowed to stand for 30 min before measuring. The absorbance was measured after 30 min at 760 nm using the T80 UV-VIS spectrophotometer (PG Instruments, Leicestershire, UK). All determinations were performed in triplicate. The standard calibration curve was plotted (R 2 = 0.9989) using 0.015625, 0.0625, 0.125, 0.25, 0.375, 0.5, 0.75, and 1.0 mg/mL chlorogenic acid solutions. The total phenolic content was expressed as chlorogenic acid equivalents in mg/100 g of fresh material (CAE mg/mL). 
Statistical Analysis
Except for growth traits, plots of residuals for all remaining traits showed deviations from the normal distribution. No transformation of the original data was done. Instead the SAS GLIMMIX (generalized linear mixed models) procedure ( (Kenward-Roger method) DDFM = KR option, which applies the standard error and degrees-of-freedom correction [60] ) was used for calculation of variance components (SAS Institute Inc. 2002-2012, version 9.4, Cary, NC, USA). Model 1 for the statistical analyses without interaction:
where µ is the grand mean, S i is the random effect of strain i, F j is the random effect of family j, and E ijk is the residual error. Model 2 for the statistical analyses with interaction included:
where µ is the grand mean, S i is the random effect of strain i, F j is the random effect of family j, SF ij is the random effect of strain i, family j, and their interaction, E ijk is the residual error. F-tests of the variance components (Type III) were obtained from analyses of the GLIMMIX procedure in SAS (V9.4 software packages, SAS Institute Inc., Cary, NC, USA). Pearson correlations were calculated using the SAS CORR procedure.
TPC∆ is described as the differences between TPC in control group seedlings and inoculated seedlings.
The NPAR1WAY procedure, which performs nonparametric tests, was used for pairwise comparisons of H. annosum strains in between and with control. The DSCF option was applied, which computes the Dwass, Steel, Critchlow-Fligner multiple comparison analysis based on pairwise two-sample Wilcoxon comparisons. The DSCF statistic for a pair of samples was computed as two-sample standardized Wilcoxon statistic (Z).
Results
Incidence Rate, Pathogen Spread, and Pine Seedlings Mortality
The highest infection incidence rate was found in stem wood 0-5 cm from the inoculation site: two, six, and ten months after inoculation, infection incidence rate was 79.3%, 72.4%, and 63.0%, respectively ( Figure 2 ). The infection incidence rate decreased with increasing distance from the inoculation site. Our results show that H. annosum mycelium growth is time dependent. During inspection after two months, infection incidence in stem wood had spread a distance of 5-10 cm from the inoculation site, with a 6.2% infection incidence rate at this distance. During inspection after 6 months, mycelium had spread a distance of 10-15 cm from the inoculation site, with an infection incidence rate of 2%. The inspection after 10 months showed that mycelium had spread a distance of 15-20 cm from the inoculation site, with an infection incidence rate of 8.2%. A distance of 15-20 cm was approximately one-third of the average seedling height at the inspection after 10 months. The infection incidence rate in dead seedlings was more than three times lower at the inoculation site (0-5 cm), however, apparently abundantly higher in more distant (5-10 cm, 10-15 cm, and 15-20 cm) parts of stem.
vegetation period (10 months after inoculation) were, in general, slightly taller and had a larger stem diameter than the control trees. Pairwise comparisons of H. annosum strains in between and with control for infection incidence rate and H. annosum mycelium spread after six months are presented in the Table 1 . Control significantly differed from the treatments for all traits, so in the Table 1 are shown only those traits, where significant differences were observed between the strains as well. H. annosum incidence rate and growth in seedlings stem wood two, six, and ten months after inoculation the points represent four strains averages in 12 Scots pine half-sib families. Incidence rate and pathogen growth in dead seedlings presented as average from all dead seedlings 10 months after inoculation. At the time of inoculation, the mean height of the control seedlings was 55.1 ± 0.3 cm, which was almost equal to the inoculated trees mean height of 54.7 ± 0.3 cm. The stem diameter at the inoculation site (c. 1-2 cm from the soil surface) for all trees was the same: 9.7 ± 0.07 mm. After the vegetation period (10 months after inoculation), the height of inoculated seedlings with H. annosum was 75.7 ± 0.3 cm, while the height of the control trees was 70.3 ± 0.4 cm. The mean stem diameter of inoculated trees at the inoculation site was 12.4 ± 0.1 mm and the mean stem diameter of the control trees was 11.11 ± 0.12 mm. The results showed that trees with H. annosum infection after the vegetation period (10 months after inoculation) were, in general, slightly taller and had a larger stem diameter than the control trees. Pairwise comparisons of H. annosum strains in between and with control for infection incidence rate and H. annosum mycelium spread after six months are presented in the Table 1 . Control significantly differed from the treatments for all traits, so in the Table 1 are shown only those traits, where significant differences were observed between the strains as well.
The results of the seedlings' mortality show large differences between half-sib families, varying from 1.3% to 21.2% (Figure 3 ). The lower variability was observed for pathogen spread (from 24-53 mm on average), and incidence rate (from 54%-77% on average). The lowest mortality was found in seedlings of No. 1, 12, and 9 half-sib families; the lowest pathogen spread in No. 3, 9, and 4 half-sib families; and the lowest incidence rate in No. 9, 10, and 3 half-sib families. The incidence rate among half-sib families correlated positively and significantly (r = 0.52, p < 0.05) with mortality, while pathogen spread in surviving plants correlated negatively with mortality although correlation was not significant (r = −0.29, p > 0.05). Height and diameter did not correlate with mortality or pathogen spread length, except weak correlation of stem diameter with infected and dead plants (r = 0.19, p < 0.01). The variance component of strain for pathogen spread was 10.1% ± 8.9% (the ratio to residuals = 0.114) and significant, while the family component was negligible (model 1). The opposite tendency was seen for plant mortality, where the family variance component was 6.7% ± 5.4% (the ratio to residuals = 0.072) and significant. If family x strain interaction was added to the statistical model 2, the family x strain variance component was the largest for pathogen spread (14.9% ± 9.3%, the ratio to residuals = 0.20). The results of family effect for mortality did not change using both statistical models. The results of the seedlings' mortality show large differences between half-sib families, varying from 1.3% to 21,2% (Figure 3) . The lower variability was observed for pathogen spread (from 24-53 mm on average), and incidence rate (from 54-77% on average). The lowest mortality was found in seedlings of No. 1, 12, and 9 half-sib families; the lowest pathogen spread in No. 3, 9, and 4 half-sib families; and the lowest incidence rate in No. 9, 10, and 3 half-sib families. The incidence rate among half-sib families correlated positively and significantly (r = 0.52, p <0.05) with mortality, while pathogen spread in surviving plants correlated negatively with mortality although correlation was not significant (r = −0.29, p >0.05). Height and diameter did not correlate with mortality or pathogen spread length, except weak correlation of stem diameter with infected and dead plants (r = 0.19, p <0.01). The variance component of strain for pathogen spread was 10.1 ± 8.9 % (the ratio to residuals = 0.114) and significant, while the family component was negligible (model 1). The opposite tendency was seen for plant mortality, where the family variance component was 6.7 ± 5.4 % (the ratio to residuals = 0.072) and significant. If family x strain interaction was added to the statistical model 2, the family x strain variance component was the largest for pathogen spread (14.9 ± 9.3%, the ratio to residuals = 0.20). The results of family effect for mortality did not change using both statistical models. (A) Pine saplings mortality (%; blue bar), incidence rate (%; green bar) and (B) pathogen spread (mm), in 12 Scots pine half-sib families. Mortality (%) presented as total dead seedlings percentages 10 months after inoculation. Incidence rate (%) presented as average incidence rate 2, 6, and 10 months after inoculation. Pathogen spread (mm) presented as average pathogen spread 2, 6, and 10 months after inoculation (Standard errors are shown above the bars).
The Relationship between TPC Accumulation and Susceptibility to H. annosum
The amount of TPC in Scots pine needles, stem wood, and roots was determined during three different periods (two, six, and ten months after inoculation) in order to compare the chemical resistance of different Scots pine half-sib families to the pathogen H. annosum. The TPC in the parts of seedlings significantly differed in both inoculated and control groups; the highest TPC was observed in the needles, with the lowest in roots (Figure 4a-c) . 
The amount of TPC in Scots pine needles, stem wood, and roots was determined during three different periods (two, six, and ten months after inoculation) in order to compare the chemical resistance of different Scots pine half-sib families to the pathogen H. annosum. The TPC in the parts of seedlings significantly differed in both inoculated and control groups; the highest TPC was observed in the needles, with the lowest in roots (Figure 4a-c) . TPC concentration (Figure 4a -c) compared with susceptibility indicators (incidence rate, spread, and mortality; Figure 3) showed that the half-sib family with lower susceptibility was characterized by the ability to increase TPC after inoculation compared to the control group. This tendency was most apparent in stems six months after inoculation (No. 9) and roots two months after inoculation (No. 1) (Figure 5a-c) . TPC concentration (Figure 4a -c) compared with susceptibility indicators (incidence rate, spread, and mortality; Figure 3) showed that the half-sib family with lower susceptibility was characterized by the ability to increase TPC after inoculation compared to the control group. This tendency was most apparent in stems six months after inoculation (No. 9) and roots two months after inoculation (No. 1) (Figure 5a-c) . Six months after inoculation, the accumulation of TPC in stems strongly increased (TPCΔ was 1.4 mg/g −1 ) in No. 9, the half-sib family with lower susceptibility (Figure 4b ). This family also had the lowest mortality rate compared to more susceptible half-sib families. Correlation analyses revealed that higher TPC in stems six months after inoculation correlated with a lower incidence rate (r = −0.32, p <0.05) and lower pathogen spread (r = −0.32, p <0.05). The families (No. 2 and 9) with lower pathogen spread showed an increase in the accumulation of TPC in the roots two months after inoculation (Figure 5c ). TPC∆ in stems six months after inoculation correlated negatively and Six months after inoculation, the accumulation of TPC in stems strongly increased (TPC∆ was 1.4 mg/g −1 ) in No. 9, the half-sib family with lower susceptibility (Figure 4b ). This family also had the lowest mortality rate compared to more susceptible half-sib families. Correlation analyses revealed that higher TPC in stems six months after inoculation correlated with a lower incidence rate (r = −0.32, p < 0.05) and lower pathogen spread (r = −0.32, p < 0.05). The families (No. 2 and 9) with lower pathogen spread showed an increase in the accumulation of TPC in the roots two months after inoculation (Figure 5c ). TPC∆ in stems six months after inoculation correlated negatively and significantly with the pathogen spread (r = −0.60, p < 0.05); families with lower pathogen spread significantly increased the accumulation of TPC. The lower pathogen spread in the stems and higher TPC in the roots could be the main factor in the decrease of the mortality of half-sib families (Figure 2) . Meanwhile, the higher accumulation of TPC∆ in the needles (up to 1.4 mg/g −1 ) (Figure 5a ) and in the roots (up to 0.8 mg/g −1 ) (Figure 5c ), associated with the higher resistance to the pathogen spread in the seedlings in the second half-sib Scots pine family and likely contributed to the incidence rate of H. annosum (Figure 2) . The lowest incidence of pathogen was determined in the half-sib families with the highest accumulation of TPC∆ in roots two months after inoculation (No. 9, 1, and 2 half-sib families) (Figure 5c ). The data obtained also showed that the mortality from H. annosum of these half-sib families were the lowest. Our results indicated that the highest mortality and incidence rate was in half-sib families (No. 3, 4, and 11) with low TPC in the roots six months after inoculation; however, these families had low pathogen spread.
Discussion
Incidence Rate, Pathogen Spread, and Mortality Differences among Half-sib Families
The genotypic variation among Scots pine half-sib families susceptibility to a pathogen in our study was expected. Previous studies showed that there is some evidence that differences in susceptibility against Heterobasidion might be found between Scots pines of different origins or provenances [24] . The incidence rate in inoculated half-sib families varied from 79% (two months after inoculation) to 63% (ten months after inoculation), but no significant differences were found. Previous studies yielded a higher incidence rate, from 91% in S-group isolates to 97% in P isolates [61] . A study by Stenlid et al. [58] revealed that the incidence rate in intersterility group S varied from 56% to 70%, while P-group from 92% to 93%. In another study [21] with P and S Heterobasidion isolates from live trees, the mean incidence of infection was 86% in pine and 100% in spruce. However, Heterobasidion isolates, isolated from stumps and dead trees, show a mean incidence rate of 96% and 98%, respectively. In our investigation, isolates were grown from live Scots pine trees, and a pathogen intersterility group has not been identified.
Our findings show that pathogen spread in pine sapwood within inoculated half-sib families varied from 24-53 mm on average, but no significant differences among families were found. Pathogen spread was time dependent and quite slow; the maximum pathogen spread speed was approximately 5-7 mm in each inspection period and, in most of seedlings, the pathogen did not spread more than 5 cm. The findings of Stenlid et al. [58] revealed that the maximum spread of mycelium in a pine stem was from 50-65 mm six weeks after inoculation. Research conducted by Zaluma et al. [24] revealed that the average pathogen spread in Scots pine wood was around 2 cm for H. annosum, and about 1 cm for H. parviporum per 122 days. Compared to Scots pine, the pathogen spread in Norway spruce was about four times greater [24] . Other studies supported the faster pathogen spread when comparing these two species [21, 57, 58] . It is known that S-group isolates easily infect spruce, but show limited growth on pine, whereas P isolates aggressively attack both hosts [21] .
Our results show significant seedling mortality variance among half-sib families (from 1.3%-21.2%). Seedling dieback began seven months after inoculation with a spike at 9-10 months. A study conducted by Zaluma et al. [24] did not observe any pine seedlings' mortality 122 days after inoculation, nor did Stenlid et al. [58] six weeks after inoculation. Seedling mortality, as well as infection incidence rate, depends on the pathogen intersterility group. Werner and Lakomy [61] observed that the mortality of pine seedlings six months after inoculation was from 2.5% (S-group isolates) to 5% (P and F isolates). An even greater mortality in pine seedlings was found by Swedjemark et al. [21] ; the mean seedling mortality was 37%, in this investigation, the P strain killed about three times more seedlings compared to the S strain. Werner and Lakomy [62] observed that all intersterility groups (P, S, F) were more virulent on spruce than on pine, and the mean mortality in spruce was 53.91% and in pine 38.43%. The same pattern has been observed in nature and in previous inoculation experiments where it was shown that the P group is generally more aggressive than the S in the aspect of sapwood growth extension and ability to kill its host [58, 63] . The mortality differences in the studies may be determined by different seedlings susceptibility to the pathogen [64] and unequal pathogen virulence [65] , incubation period [24, 58] , and plant defense mechanisms (secondary metabolites, phenolic compounds) [25] [26] [27] 
Infection-Induced Phenolic Response
The Folin-Ciocalteu method has been widely used to determine the total concentration of phenols (TPC) occurring in plants [59] . Analysis of variance showed that the significant difference in TPC variation was observed in needles six months after inoculation (during the vegetation period), while in stems and roots this occurred two months after inoculation (during the dormancy period). The half-sib families (No. 2 and 9) with the lowest pathogen spread increased the accumulation of TPC in the roots two month after inoculation. Ganthaler and Mayr [66] revealed the seasonal variation and infection-induced changes in the accumulation of phenolic compounds. A study of Norway spruce resistant to Chrysomyxa rhododendri indicated that constitutive and early stage infection-induced concentrations of some phenolics strongly correlated with susceptibility and also reflected the levels of the tree's resistance [67] . Some authors noted that phenolic secondary compounds may limit the growth of rust fungi in Norway spruce and Melampsora in willow [68, 69] immediately after infection and prevent the development of infection symptoms. Our results have shown that a greater reaction in the accumulation of TPC in inoculated Scots pine seedlings occurs six months after inoculation.
The TPC concentration comparison with susceptibility indicators (incidence rate, spread, and mortality) shows that the half-sib families with lower susceptibility were characterized by the ability to increase TPC after inoculation compared to the control group. The variation between different provenances and significant genetic regulation was reported for several stilbenes and flavonoids [41, [70] [71] [72] . Venäläinen et al. [32] indicated that there are pronounced and significant differences in the concentration of individual stilbenes (PS and PSM) between the resistant and susceptible Scots pine hardwood of two progeny in Finland. According to Fossdal et al. [73] , the trees showing low susceptibility may incorporate soluble phenolics into the cell wall to isolate the fungus by preventing nutrient uptake in the initial infection phase, thereby avoiding the development of disease symptoms [41] . In addition, they may activate a rapid modification of phenolics by isomerization, de-glycosylation, methoxylation, or oligomerization [27] , resulting in higher concentrations of the active form. Furthermore, compounds may confer resistance as a group by synergistic effects [37] and the variability of the phenolic composition in time and space may challenge the fungus, as suggested for leaf-eating invertebrates [38] . Research conducted by Bonello et al. [74] revealed that other group of compounds, terpene concentrations in Italian stone pine shoots by stem induction with H. annosum represented the view that terpenoids are involved in localized resistance [75, 76] and may represent a first line of defense against fungal and insect attack, in addition to being involved in wound healing [77] .
Conclusions
The genotypic variation among Scots pine half-sib families susceptibility to a pathogen were observed in our study. Seedling mortality due to H. annosum significantly differed among half-sib families; however, other susceptibility indicators (incidence rate and pathogen spread) did not show any significant differences. The phenolics profile of Scots pine half-sib families changed significantly in the needles during the growing season (from the sixth to the tenth month) and in the stems and roots during the dormancy period (from the moment of inoculation to the sixth month). Infection-induced responses of different half-sib families induced changes in the accumulation of TPC and influenced the values of susceptibility indicators, especially pathogen spread and mortality rate. Thus, it is likely
